A catalase-based (NAF/MWCNTs) nanocomposite film modified glassy carbon electrode for hydrogen peroxide (H 2 O 2 ) detection was developed. The developed biosensor was characterized in terms of its bioelectrochemical properties. Cyclic voltammetry (CV) technique was employed to study the redox features of the enzyme in the absence and in the presence of nanomaterials dispersed in Nafion5 polymeric solution. The electron transfer coefficient, , and the electron transfer rate constant, , were found to be 0.42 and 1.71 s −1 , at pH 7.0, respectively. Subsequently, the same modification steps were applied to mesoporous graphite screenprinted electrodes. Also, these electrodes were characterized in terms of their main electrochemical and kinetic parameters. The biosensor performances improved considerably after modification with nanomaterials. Moreover, the association of Nafion with carbon nanotubes retained the biological activity of the redox protein. The enzyme electrode response was linear in the range 2.5-1150 mol L −1 , with LOD of 0.83 mol L −1 . From the experimental data, we can assess the possibility of using the modified biosensor as a useful tool for H 2 O 2 determination in packaged beverages.
Introduction
In recent years, many researchers focused their activity on developing new tools to detect H 2 O 2 , not only as an oxidases reaction byproduct but also as a conservative compound in food and drugs [1, 2] . Indeed, hydrogen peroxide finds significant employment in industrial processes as an oxidant [3] : in particular, hydrogen peroxide is released into the environment in either small or large amounts, since it is used as oxidant, whitening, or sterilant tool in packaging materials owing to its sporicidal and bactericidal features [4] [5] [6] . Nevertheless, high H 2 O 2 concentrations would be dangerous for human beings [7] [8] [9] [10] .
Several analytic methods as chemiluminescence [11] [12] [13] [14] [15] [16] [17] , photometry [18] , fluorimetry [19] [20] [21] , titrimetry [22, 23] , spectrophotometry [23] [24] [25] [26] , high-performance liquid chromatography (HPLC) [27] , and especially electrochemistry [3, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] are reported in the literature for detection of hydrogen peroxide.
The electrochemical techniques provide some interesting advantages in comparison to the other ones mentioned above like fast, specific, and cheap monitoring of hydrogen peroxide [37] [38] [39] [40] [41] [42] [43] . The direct reduction of H 2 O 2 at a bare sensor is not suitable for analytical measures due to its slow kinetics and high potentials required for redox reactions [44] . To overcome these problems, several modified electrochemical sensors were developed. Electrochemical biosensors based on the biocatalytic activity of immobilized enzymes towards the substrate H 2 O 2 are helpful because of their high sensitivity, selectivity, and ease of use [45, 46] . Some authors, in the recent years, have applied different modified biosensors, based on various redox proteins, to realize interesting tools for the monitoring of H 2 O 2 [45, [47] [48] [49] [50] [51] [52] [53] [54] [55] .
Catalase (CAT) belongs to oxidoreductase family class and has a heme prosthetic group at its active site with ferric ion (Fe(III)) [48, 50, [56] [57] [58] [59] . The catalytic ability of CAT to reduce hydrogen peroxide was used in the developing of biosensors [50, 56, 60] . To investigate CAT catalytic activity, it is important to study its capacity to perform direct electron transfer (DET) to the electrode surface. It is usually difficult to observe the DET because the heme groups are buried deeply inside in the large structure of the protein [61, 62] . Also, denaturation of the redox protein could occur on the sensor surface due to the immobilization method and to the matrix composition. To overcome these problems and promote the DET carbon nanotubes (CNTs), modified electrodes are widely employed as support for the physical immobilization of biological molecules to promote the DET thanks to their high surface/volume ratio and conductivity and also to enhance sensors and biosensors performances [63] [64] [65] [66] [67] . A drawback on the use of CNTs to modify electrode surface is their insolubility [68, 69] . However, some authors have obtained good results in the CNTs modification of the electrode surface by using polymers as dispersing support [70, 71] . Nafion is a perfluorinated polymer resistant to chemical attack and the CNTs dispersion in its film has been investigated [72] [73] [74] .
In the present study, we report the development of a biosensor for H 2 O 2 monitoring based on the immobilization of catalase in a Nafion film containing dispersed functionalized MWCNTs-COOH. The Nafion film ensures efficient immobilization of the protein in its native configuration. The DET of catalase was investigated either on modified or on bare electrode to identify the optimal conditions for H 2 O 2 detection. In view of the possible practical application, the same modification steps were performed on screenprinted electrodes (SPEs) with a working electrode based on mesoporous graphite (MG-SPE). Finally, the obtained biosensor was applied for the determination of hydrogen peroxide in beverages samples.
Experimental

Materials and Reagents.
Catalase from bovine liver (CAT, EC 1.11.1.6, activity ≥ 10,000 U mg −1 protein) was supplied by Sigma-Aldrich (Switzerland) and stored at −20 ∘ C. All chemicals used were of analytical grade. In particular, Na 2 HPO 4 , NaH 2 PO 4 , HOC(COOH)(CH 2 COOH) 2 6 .1248.040, Metrohm, Switzerland) as the counter one were employed. For SPEs, the counter electrode was carbon and the reference one was silver, respectively. All the reported potentials are referred to as saturated calomel electrode ( = 0.241 V versus NHE). All pH measures were performed using a digital pH meter (827 pH lab, Metrohm, Italy). The morphology of the samples was observed using high-resolution field emission scanning electron microscopy (HR FESEM, Zeiss Auriga Microscopy) equipped with Microanalysis EDS ≤ 123 Mn-K eV (Bruker).
Procedures.
The GCE surface was polished with 0.3 and 0.05 m alumina slurry on polishing silk cloth (SIEM, Italy) and rinsed with deionized water. Then, the electrode was sonicated in deionized water to remove trace of alumina from the surface (Sonicator AU-32, ArgoLab, Italy).
The physical immobilization of the enzyme was realized by dropping onto the working electrode surface 2 L of 0.5 wt.% Nafion solution containing 1 mg mL −1 of redox protein either in the presence or in the absence of 1 mg mL −1 of MWCNTs-COOH. The electrode surface was finally air-dried for about 20 min at room temperature. The biosensors were stored in PBS buffer solution at 4 ∘ C before use. The analysis protocol of real beverages is described as follows: 2.5 mL of different beverages sample was diluted to 10 mL with PBS buffer solution. Then, a certain amount of H 2 O 2 (15 mol L −1 ) was added and the solutions were deoxygenated. Then, the samples were analyzed directly by cyclic voltammetry (CV) method and finally the recoveries were evaluated. For the study of pH dependance, the McIlvaine buffer was used at different pH values.
Results and Discussion
Electrochemical Characterization of Glassy Carbon Electrode after Steps of Modification.
The effect on the improvement of electrochemical performances by using nanomaterials as MWCNTs-COOH was evaluated with cyclic voltammetry measurements of the electroactive area ( ) and of the heterogeneous standard rate constant ( 0 ) of the different electrodes. The cyclic voltammograms (not shown) were recorded in a solution of 1. 1 mmol L −1 potassium ferricyanide in PBS buffer solution.
was determined from the RandlesSevčik equation: = 2.686 × 10 diffusion coefficient (7.6 × 10 −6 cm 2 s −1 ), is concentration (mol cm −1 ), and V is scan rate (Vs −1 ). 0 was calculated by an extended method [96] , a combination of Nicholson [97] and Klingler and Kochi treatments [98] , by CV data using the same solution described above, in the scan rate range 5-100 mV s −1 . By comparing the results (see Table 1 ) arising from the several modification steps of the sensor, two aspects can be pointed out: (i) the parameters obtained for the Nafion modified sensor (NAF-GCE) are lower than both the bare sensor (bare-GCE) and the nanomaterial modified sensor (NAF-MWCNTs-COOH-GCE): presumably, this is due to the Nafion film that hinders the charge transfer and slows down the substrate rate towards the sensor surface; (ii) the use of carbon nanotubes enhances hugely the electrochemical signal increasing (about 4 and 8 times compared to the bare-GCE and NAF-GCE, resp.) and improves 0 of the ferricyanide ion towards the sensor surface despite the ion exchange polymer presence (about 1.5 and 2 times compared to the bare-GCE and NAF-GCE, resp.): this could be ascribed to their excellent properties of increasing area/volume ratio and high electron conductivity and of facilitating the electron transfer [99] [100] [101] [102] [103] [104] . The association of these nanomaterials with Nafion (as solubilizing agent) does not impair the electrocatalytic features of carbon nanotubes. This aspect was also observed in our previous work where the use of NAF/MWCNTs composite film has greatly increased the transfer charge rate [105] .
Biosensor Voltammetric
Behavior before and after Nanomaterial Modification. The comparison of electrocatalytic performances was evaluated by using catalase as model redox protein and comparing the voltammetric behavior (Figures 1(a) and 1(b)) measuring several electrochemical parameters (see Section 3.4). The catalase was immobilized by a Nafion film onto the GCE surface, in the absence and in the presence of MWCNTs-COOH; the electrochemical behavior of the modified electrodes has been investigated in N 2 saturated PBS buffer solution, using CV. The cyclic voltammograms were recorded at NAF-GCE-CAT and NAFMWCNTs-COOH-GCE-CAT modified GCEs in the potential range from 0.6 V to −0.6 V. In the absence of MWCNTs-COOH, catalase immobilized in a Nafion film onto GCE surface showed a quasi-reversible signal (see Figure 1 (a)) with a midpoint potential of 0 = −128 mV; the separation of cathodic and anodic peak potential Δ = 80 mV (at scan rates lower than 100 mV s −1 ) indicated a fast electron transfer reaction according to the literature [106] . For the other modified electrode, when the redox protein is in the presence of carbon nanotubes, CV experiments yielded evidence of a prominent increase (about 20 times) of faradic current (Figure 1(b) ) and also an enhancement of electron transfer kinetic was observed at a constant amount of immobilized protein. In particular, 0 shifted to a more negative potential value (−140 mV) and Δ was 70 mV, assuming that carbon nanotubes play an important role in the rising of the system reversibility.
Study of pH Dependence on the Modified Electrode.
The effect of pH solution on the modified NAF-MWCNTs-COOH-GCE-CAT electrode was also tested. In Figure 2 (a), the peak currents at different pH values are shown. The maximum of anodic current occurred at pH 7.0. This value was consistent with that reported for catalase enzyme [60, [76] [77] [78] . Based on these results, pH 7.0 for PBS buffer solution was used as the optimal pH for further experiments. Also, the influence of pH solution on the oxidation peak potentials was investigated. The oxidation peak potential was reported versus solution pH values in the range 3.5-8.0 (Figure 2(b) ). The obtained slope (0.044 V) suggests that the reaction at the electrode surface is accompanied by proton transfer. The slope value is slightly smaller than Nernst's value of 0.059 V pH −1 for the reaction of one electron coupled to one proton [76] . This is probably ascribable to the influence of protonation states of trans ligands of the heme iron and amino acids around the heme, or the protonation of H 2 O molecule coordinated to the coordinated iron [107, 108] .
Cyclic Voltammetric Studies of Direct Electron Transfer of
Catalase before and after Nanomaterial Modification of the Biosensor. Figure 3(a) shows typical cyclic voltammograms of NAF-MWCNTs-COOH-GCE-CAT biosensor at different scan rates (10-1400 mV s −1 ). The dependence of peak currents and peak potentials on the scan rate is also observed in Figures 3(b) and 3(c) , respectively. As is obvious from Figure 3 (b), the peak currents change linearly with scan rate over a range of 10 to 1400 mV s −1 (with correlation coefficients of 0.9924 and 0.9914), as expected for thin layer electrochemistry [35, 109] and according to a surfacecontrolled process. The slope of corresponding log versus log V linear plot, with a correlation coefficient of 0.9949, was found to be 1.115, very close to the theoretical slope 1 for thin layer voltammetry [109] .
The surface concentration of electroactive redox protein (Γ) can be estimated using Faraday law (see (1) ) and calculated from the slope of peak current/scan rate plot [76, 109] :
where V is the scan rate, is the electrode surface area (0.07 cm 2 ), is the temperature, is the number of electrons, and and are gas and Faraday constants, respectively. Thus, the average surface concentration Γ of catalase was found to be 4.76 × 10 −10 mol cm −2 , which indicates that the immobilized enzyme is in the form of an approximate monolayer on the surface of the modified electrode [63, 75] . Moreover, the peak-to-peak separation at a scan rate of 10 mV s −1 was approximatively 70 mV, indicating a quasireversible electron transfer process. Based on the Laviron theory [109] , the transfer coefficient ( ) and the electron transfer rate constant ( ) for immobilized catalase either in the absence or in the presence of nanomaterials can be estimated by measuring the variation of peak potential separation with scan rate (at higher scan rates, as shown in Figure 3 (c)) and reported in Table 2 .
Besides, by comparing our proposed biosensor to other similar ones in the literature [60, [77] [78] [79] [80] [81] [82] [83] , all based on CAT modified GCEs by using MWCNTs, it is evident that the amount of our electroactive catalase is higher, probably due to the simple NAF/MWCNTs matrix that could increase the exposure extent of the heme group in the catalase enzyme (see Table 3 ). The formal potential 0 of our biosensor is much less negative than those proposed by other authors [63, 76-83, 108, 110] . The formal potential value is dependent on the protein structure [111, 112] , so a change of the heme protein in the NAF/MWCNTs composite film results in a shift of 0 to positive potential values. Moreover, partial denaturation of the enzyme could cause heme leakage and then a negative shift of the redox peaks (change in the coordination sphere) [113] . 
Catalytic Activity of Catalase.
The voltammetric characterization of the hydrogen peroxide reduction by means of the developed NAF-MWCNTs-COOH-GCE-CAT biosensor was performed in PBS buffer solution, at a scan rate of 50 mV s −1 (Figure 4(a) ). An increase in the cathodic peak with the hydrogen peroxide concentration and a decrease in the anodic peak during the scan reversal have been observed. Conversely, in the absence of catalase, no current change has been detected by the NAF-MWCNTs-COOH-GCE electrode. From our experiments, we confirm the EC mechanism previously reported in the literature [77, 95] Figure 4 (b) reports the catalytic efficiency ( / ) changes versus H 2 O 2 concentration; and are the cathodic peak currents in the presence and in the absence of hydrogen peroxide, respectively. As can be observed, the catalytic efficiency increases with the H 2 O 2 concentration up to 298 M, and then a plateau is reached. This is probably due to the denaturing effect of hydrogen peroxide at high concentration values.
Based on these results obtained using a classical GCE electrode and employing a very simple and easy immobilization procedure, the same modification system has been developed on screen-printed electrodes in view of a possible application for determination of hydrogen peroxide in real samples.
Morphological Characterization of Screen-Printed Electrodes and Electroanalytical and Kinetic Characterization.
The surface morphology of the modified screen-printed electrodes (SPEs) was obtained by scanning electronic microscopy (SEM). In Figure 5 (a), mesoporous graphite SPE (MG-SPE bare) surface, without modification, is shown. Figure 5 (b) reveals the presence of a cross-linked structure of multiwalled carbon nanotubes modified with carboxylic groups dispersed in a Nafion film (NAF-MWCNTs-COOH-MG-SPE surface). Moreover, the diameter of the carbon nanotubes (∼14 nm) is indicated. In the presence of the enzyme, the highly porous architecture that is formed between the MWCNTs-COOH and the Nafion film is suitable for immobilization of catalase that is confirmed in the following electrochemical measures. Also, electrochemical characterization of these SPEs was carried out and the results are reported in Table 4 . Also, for these electrodes, the feature of nanomaterials to increase the sensor performances considerably is confirmed, so the following studies were performed using the NAF-MWCNTs-COOH-MG-SPE sensor.
Successively, the main electrochemical parameters of our proposed biosensor NAF-MWCNTs-COOH-MG-SPE-CAT were evaluated (see Table 5 ).
The electrochemical response of the obtained biosensor for different concentrations of H 2 O 2 was studied. The current-concentration dependence of hydrogen peroxide was modeled by using Michaelis-Menten nonlinear fitting thus Table 6 [34, 81, 83, 85-94, 110, 114] .
Also, the reproducibility of the developed biosensor was calculated as RSD = 5.0% by using 500 mol L −1 H 2 O 2 in a series of six experiments. By the data achieved, the following can be assessed: (i) the immobilized enzyme retained good biocatalytic activity; (ii) the carbon nanotubes dispersed in the Nafion film provided an optimal microenvironment; (iii) the nanocomposite was a good matrix for catalase immobilization and biosensing preparation; (iv) the redox protein maintained active site accessibility and exchanged electrons with the sensor surface. This platform was applied for H 2 O 2 sensing in real samples. [115] . The results show good recoveries, in the range 100.3-105.7%, for our modified NAFMWCNTs-COOH-MG-SPE-CAT biosensor (Table 7) .
Determination of H
Stability of NAF-MWCNTs-COOH-MG-SPE-CAT Biosensor.
The shelf lifetime of our modified biosensor was tested by measuring its current response obtained for 500 mol L −1 H 2 O 2 concentration during a period of 21 days. The biosensor was stored in PBS buffer solution at 4
∘ C before and after use. During the first week, a 4% decrease was observed, reaching a 15% decrease after three weeks. This result can be ascribable to the presence of the nanomaterials, which avoid the fouling phenomena of the surface which could affect the biosensor performances, and also the use of NAF/MWCNTs composite film provides a strong and 
Conclusion
In this study, an electrochemical biosensor was developed for the determination of hydrogen peroxide concentration in packaged beverages. To this aim, direct electrochemical properties of catalase, confined in a Nafion film on the surface of a glassy carbon electrode, were studied. The electron transfer coefficient, , the electron transfer rate constant, , and the surface concentration of electroactive redox protein, Γ, were evaluated by cyclic voltammetry studies. The modification of the electrode surface by using nanostructured materials dispersed in Nafion polymeric solution resulted in an enhancement of the overall bioelectrochemical properties of the developed biosensor. The biocatalytic activity towards catalase substrate hydrogen peroxide confirmed that the immobilization procedure allowed a good microenvironment for catalase and facilitated the electron exchange to the electrode surface. Hence, based on these interesting results obtained, the same modification procedure was applied to screen-printed electrodes. Also, this platform of the modified biosensor was entirely characterized and was applied to detect H 2 O 2 in spiked real samples of different commercial beverages obtaining good recoveries.
